Intergranular stress corrosion cracking (IGSCC) of Alloy 132 weld metal in light water reactor (LWR) structural components is a great concern. The microstructure of Alloy 132 is dendritic and the grain boundaries that are parallel to the direction of the dendrites growth are known to be most susceptible to cracking. In order to correlate the grain boundary microstructure to IGSCC, and in general, improve the understanding to IGSCC of Alloy 132 weld metal, the grain boundary microstructure as well as IGSCC behavior of Alloy 132 was studied in this work.
Introduction
Nickel-based alloys such as Alloys 182 and 132 have been widely used as weld metal in light water reactor (LWR) structural components. Intrergranular stress corrosion cracking (IGSCC) of the weld metal has been a major concern in the management and prediction of plant life. Many investigations have reported that Alloy 182 is susceptible to IGSCC in high temperature water [1] [2] [3] [4] . Therefore, it is of great importance to understand the IGSCC mechanism of the weld metals in order to assess inspection interval and remaining life of components.
IGSCC is a synergy effect of an aggressive environment, a susceptible microstructure of the material and an application of stress. To date, limited research has been performed to characterize the grain boundary microchemistry of Nickel-based alloys such as Alloy 600 and its relationship to IGSCC susceptibility and IGSCC behavior of the alloy in high temperature water [5, 6] . Some correlations were found between grain boundary chemistry and IGSCC susceptibility in these studies. Nevertheless, few researchers have focused on an analysis of the microchemistry of the dendritic grain boundary in Alloy 132 weld metal and its correlation to IGSCC of the alloy. Therefore, efforts should be made to clarify the grain boundary microchemistry and its correlation to IGSCC of Alloy 132, in order to obtain a better understanding of IGSCC in the Alloy.
In this study, Field Emission Gun Auger Electron Spectroscopy (FEG-AES) was employed to analyze the dendritic grain boundary microchemistry in Alloy 132. The AES spectra that were obtained from both intergranular (IG) facets and transgranular (TG) surfaces in Alloy 132 were qualitatively and quantitatively analyzed to characterize the microchemistry of the grain boundaries.
A SCC test on Alloy 132 in a simulated boiling water reactor (BWR) environment was also performed. Efforts were made to find a correlation between IGSCC behavior and the grain boundary microchemistry.
Experimental Procedures
Materials and Specimens. A weldment of Alloys 132 and 600 was prepared by shielded metal arc welding (SMAW) and a post-welding heat treatment (PWHT) at 620°C for 24.5hrs. PWHT was applied to the weldment to relieve residual stresses. The composition of Alloy 132 weld metal is listed in Table 1 in both at% and wt%. Fig. 1 shows a schematic drawing about how the specimens were cut from the weldment of Alloys 132/600. For the preparation of a specimen for AES analysis, a block in which the longitude direction is perpendicular to the dendrite growth direction was cut from the Alloy 132 weld metal (the dilution part was not included). The block was then machined according to the dimensions shown in Fig. 2 to make a specimen. The specimen was specially designed so as to obtain an IG fracture surface by fracturing a hydrogen-charged specimen in the high vacuum chamber of the AES system using slow strain rate testing (SSRT).
The specimen used for the SCC test is a one-inch thick-compact tension (1T-CT) specimen. It was machined from the weldment so that the IGSCC would propagate parallel to the dendrite growth direction in the weld metal. Process for the AES analyses. 1) Hydrogen Charging. Immediately before hydrogen charging, the specimen was first electropolished for 3-5min in a solution containing 64 vol% of phosphoric acid, 15vol% of sulfuric acid and 21vol% of water at 70°C. The anodic current density was about 70-100A/dm 2 . The hydrogen was cathodically charged to the specimen at room temperature under a constant cathodic current density of 5mA/cm 2 , which was supplied through a platinum wire anodic electrode, in a solution of 1N sulfuric acid with 1.0g/L thiourea. The hydrogen charge duration was 192hrs, which was determined by the results of preliminary tests, to ensure the occurrence of IG fracture. In order to suppress hydrogen loss during SSRT, copper plating of a few micrometers thick was electrodeposited on the specimen surface after the hydrogen charging.
2) AES Analysis. Immediately after the electrodeposition of copper, the hydrogen-charged specimen was installed into the tensile stage inside the vacuum chamber attached to a PHI model 680
Auger Nanoprobe system, and it was fractured by SSRT with the strain rate of 2.08×10 -7 s -1 . The pressure inside was maintained at around 10 -7 Pa in the SSRT chamber and at around 10 -9 Pa in the analysis chamber. These values were low enough to avoid contamination onto the fractured surface.
Once the specimen was fractured, AES spot analyses were undertaken on both IG facets and TG surfaces. Spectra were collected using a beam energy of 10keV and a target current of 10nA. The Auger Nanoprobe which has a beam diameter of approximately 30nm at this condition allows analysis of tiny spots. They were then differentiated automatically by PHI Multipak software supplied by the AES manufacturer.
3) SCC Test. The SCC test was performed in a simulated BWR environment at 288°C and 9.0MPa in an autoclave that was connected with a water refreshing loop. Before the SCC test, the 1T-CT specimen was first precracked by fatigue in air under sine wave loading at K max < 20MPa·m 0.5 and then was side grooved 5% on each side. The 1T-CT specimen was electrically isolated from the pins and jigs by using surface-oxidized zirconium sleeves and plates. The desired dissolved oxygen (DO) concentration was maintained by purging with a nitrogen / oxygen mixed gas into the water tank of the loop. The general environmental conditions for the test are listed in Table 2 . Various loading modes were applied to the specimen in sequence during the test in the simulated BWR environment. In order to transform the crack penetration from TG to IG, three steps of triangular wave loading with a loading ratio of 0.3, 0.5 and 0.7 were applied to the specimen. The test was then performed under the trapezoidal wave loading to produce IGSCC as schematically drawn in Fig. 3 .
Results and Discussion
AES Analyses on Fractured Surface. Fig. 4 shows the relationship of stress to strain during SSRT in ultra high vacuum for the specimen which was tested with the strain rate of 2.08×10 -7 s -1 after the hydrogen charge of 192hrs. This curve shows the typical trend of hydrogen induced fracture. As it can be seen from Fig. 5 , a hydrogen induced IG fracture surface with a preferred direction along the dendritic grain boundary was apparent while the TG surface was observed at the center area of the specimen.
Prior to the point analysis, an area scan on both IG facet and TG surface were also performed. At first, the sensitivity factors for nickel, chromium, iron, and manganese used for the quantitative analyses of the spectra were taken from the PHI Multpak software. Those factors were then modified so as to obtain the correct bulk concentrations for the TG surface. The modified sensitivity factors were applied to the analyses of the spectra of the IG facets of the alloy. Sensitivity factors used for phosphorus and carbon were taken directly from the software for the calculation, but carbon was not included in the quantification. Fig. 6 presents the scatter and average of atomic concentrations of Ni, Cr and P on the twelve IG facets together with bulk concentration. This bulk concentration was estimated from the AES spectra obtained from TG surface of the specimen. As can be seen from Fig. 6 , the concentrations of each element on the IG facets are very scattered. Especially, the concentration of Cr on the IG facets, most points are between 3-12at% and some points are higher than 15at%, demonstrating that the depletion of Cr is dominant even though enrichment is also presented. The segregation of P shown in Fig. 6 (c) is mainly around 1-4at%. This value is extremely high compare to the concentration in the bulk (0.0037at%). The fracture surface of the 1T-CT specimen after the SCC test is shown in Fig. 7 . As can be seen, uneven IGSCC was induced, i.e. IGSCC occurred locally in the specimen. The IGSCC should have been induced under trapezoidal loading. Lengths of all the local IGSCC penetrations were measured across specimen's thickness direction. Both maximum and average crack lengths were obtained based on the measurements. Calculation results for SCC growth rates are listed in Table 3 . 
Correlation between Grain Boundary Microchemistry and SCC Behavior.
In order to find a correlation between grain boundary microchemistry and SCC behavior, plots of Weibull distribution (WD) were applied to the evaluation of the element concentration and SCC crack length. The WD is a versatile distribution that can take on the characteristics of other types of distributions, based on the value of the shape parameter, m. The Weibull shape parameter, m, is also known as the slope. This is because the value of m is equal to the slope of the regressed line in a probability plot. Different values of the shape parameter can have marked effects on the behavior of the distribution.
In order to obtain plots of WD about concentration of each element on every analyzed IG facet, frequencies and cumulative frequencies of concentration as well as the corresponding cumulative density function were calculated. Thus the WD plots of the concentration for the elements can be drawn and are shown in Fig. 8 as an example. All of the WD plots of P exhibit linear distribution, however, those of Cr do not. For all obtained elemental distributions, the shape parameter, m was calculated and is shown in Table 4 . The average values of shape parameters of Ni, Cr and P from all evaluated IG facets are 3.92, 2.31 and 3.01, respectively.
Following the same method, a plot of the WD about local IGSCC lengths measured on the fracture surface of the 1T-CT specimen was also drawn, as shown in Fig. 9 , together with WD of P concentration. The shape parameter for this plot is 3.24. It is worth noting here that this shape parameter is close to that of the plot of WD of the P concentration (3.01). This implies that the distribution behavior of P concentration on IG facets is consistent with that of the IGSCC lengths. Higher concentration of P on IG facets corresponds to longer IGSCC length, i.e. the segregation of P on grain boundary enhances IGSCC, especially, higher concentration of the segregated P will result in higher IGSCC growth rate. As describe above, efforts were also made to draw plots of the WD of Cr concentration on the IG facets. However, it was found that the plot was not always linear, indicating that Cr concentration on IG facets does not follow a Weibull distribution. This may be a result of the heterogeneous distribution of Cr on IG facets, i.e. Cr is enriched by the precipitation of carbides and depleted in the precipitate-free zones on grain boundaries.
Nevertheless, it has been concluded by some researchers that the depletion of Cr is responsible for IGSCC of nickel-based alloys in acidic and caustic environments [7] [8] [9] [10] . It can, therefore, be suggested from the current work that, besides the segregation of P, the depletion of Cr at dendritic grain boundaries in Alloy 132 is another cause of IGSCC of the Alloy in high temperature water.
Summary
The quantitative AES analyses on the IG facet and TG surface in Alloy 132 showed that the depleted chromium concentration was about 3-12at% at the grain boundary. The segregation of phosphorous at the grain boundary is around 1-4at%.
Via Weibull distribution analyses of the concentration of segregated P on IG facets and that the local penetration of IGSCC produced in high temperature water, a correlation was found between P segregation and the SCC behavior of Alloy 132. The current study results also imply that the depletion of chromium at grain boundaries is also one cause of IGSCC of Alloy 132 in high temperature water.
